Vitamin D deficiency may exacerbate adverse neurocognitive outcomes in the progression of diseases such as Parkinson's, Alzheimer's, and other dementias. Mild cognitive impairment (MCI) is prodromal for these neurocognitive disorders and neuroimaging studies suggest that, in the elderly, this cognitive impairment is associated with a reduction in hippocampal volume and white matter structural integrity. To test whether vitamin D is associated with neuroanatomical correlates of MCI, we analyzed an existing structural and diffusion MRI dataset of elderly patients with MCI. Based on serum 25-OHD levels, patients were categorized into serum 25-OHD deficient (<12 ng/mL, n = 27) or not-deficient (>12 ng/mL, n = 29). Freesurfer 6.0 was used to parcellate the whole brain into 164 structures and segment the hippocampal subfields.
Various neuropsychological tests have been used to measure the impact of vitamin D deficiency on cognitive abilities. However, the mini-mental state examination (MMSE) has been the most commonly administered scale to assess the global cognitive functioning (Goodwill & Szoeke, 2017) . MMSE assesses various cognitive domains such as memory, attention, and executive function. Importantly, the score of MMSE subscale had shown an association with the alterations of specific brain structures (Khachiyants & Kim, 2012) . For example, hippocampal changes are associated with the delayed recall impairment, and orientation to time and place (Khachiyants & Kim, 2012) . The hippocampus also plays a vital role in spatial and temporal memory information and updates memory with the continuous changes of environment (Howard & Eichenbaum, 2015; Meck, Church, & Matell, 2013) . In addition, the hippocampus is a key brain region involve in cognitive functioning (Ekstrom & Ranganath, 2017; O'keefe & Nadel, 1978) . Vitamin D deficiency has been shown to be associated with impaired visual memory, and verbal memory (Vicente et al., 2015) , but not verbal episodic memory (Lam et al., 2016) . Vitamin D deficiency was also shown to impair executive function (Annweiler et al., 2013) . Remarkably, vitamin D supplementation was found to rescue nonverbal memory performance in vitamin D insufficient elderly people (Pettersen, 2017) . Collectively, these studies outline an important link between vitamin D and cognitive performance that is teasingly beyond our current understanding.
The vitamin D receptor is present in various hippocampal subfields (Eyles, Smith, Kinobe, Hewison, & McGrath, 2005; Langub, Herman, Malluche, & Koszewski, 2001) , suggesting that vitamin D plays an important role in the hippocampus (Gezen-Ak, Dursun, & Yilmazer, 2013 ), which in turn plays a vital role in memory formation (Cho et al., 2015; Virley et al., 1999) , encoding, and retrieval (Greicius et al., 2003; Lepage, Habib, & Tulving, 1998) . The hippocampus also facilitates the conversion of short-term memory (STM) to long-term memory (LTM). This integral role in memory function indicates that memory impairment results from hippocampal volume loss. Several studies have shown a relationship between hippocampal volume loss and cognitive impairment leading to dementia (Shi, Liu, Zhou, Yu, & Jiang, 2009 ). Emerging evidence from several lines of inquiry suggest that vitamin D may contribute to hippocampal volume loss. Evidence from a large community-based study (n = 1,663) indicated that lowserum vitamin D was associated with a lower hippocampal volume (Karakis et al., 2016) and reduction of hippocampal grey matter volume has been shown in schizophrenia patients with vitamin D deficiency. Importantly, a reduction of hippocampal subfield volume has been shown in the same brain diseases in which vitamin D deficiency is implicated, including major depressive disorder (Han, Won, Sim, & Tae, 2016; Ota et al., 2017; Samuels, Leonardo, & Hen, 2015) , schizophrenia (Ota et al., 2017 ), Alzheimer's disease (de Flores, La Joie, & Chetelat, 2015; La Joie et al., 2013) , and dementia (La Joie et al., 2013) . Taken together, these studies suggest that vitamin D deficiency may contribute to reduced hippocampal subfield volume. However, to our knowledge, the structural changes of the hippocampal subfield in vitamin D deficiency have not been examined.
The hippocampus is a deep subcortical region consisting of anatomically distinct regions; cornu ammonis (CA; further categorized into CA1, CA2, CA3, CA4), dentate gyrus (DG), subiculum, pre-and parasubiculum, entorhinal cortex, hippocampal fissure, fimbria, and the hippocampal-amygdaloid transition area (HATA) (Andersen, 2007) .
In this study, we test the hypothesis that vitamin D deficiency is associated with exacerbated neurocognitive outcomes in elderly individuals with mild cognitive impairment through reduced hippocampal volume and altered white matter connectivity. Individuals were separated into deficient and not-deficient vitamin D groups, based on serum 25-OHD levels. Psychometric measures and MRI data were analyzed to compare these two groups for cognitive impairment, mean hippocampal volumes, subfield volumes, and structural connectivity.
| METHODS

| Participants
Patients with a memory complaint visited the Memory Clinic of the Konkuk University Hospital (KUH) in South Korea during 2011-2013.
Demographic information and any previous related history was collected during the first visit. Each participant was further examined using the Mini-Mental Status Examination (MMSE); as well as the Clinical Dementia Rating Scale (CDR), Clinical Dementia Rating Scale Sum of Boxes (CDR-SOB), Geriatric Depression Scale (GDepS), and the Global Deterioration Scale (GDS). Total physical activity was calculated by multiplying the metabolic equivalent of task (MET) values and frequency by the summed hours in 1 week. Physical activity scores of 0, 0.1-100, and >100 were classified as 0, 1, or 2, respectively. A routine clinical examination on known covariates was also conducted including incidence of diabetes or hypertension, and measures of serum creatinine and glomerular filtration [see more details in (Moon, Moon, Kwon, Lee, & Han, 2015) ]. Patients were excluded if they had a previously diagnosed neurodegenerative disease, cancer, respiratory disorder, renal and hepatic disease, psychological, or substance abuse disorder (Langub et al., 2001) . Patients with probable AD or amnesic mild cognitive impairment (aMCI) were diagnosed according to DSM-IV (APA, 2000) and , respectively. Demographic characteristics from these patients (N = 56), were provided to the Queensland Brain Institute (QBI) including sex, age, education years, together with vitamin D level, health metrics, and cognitive functions (MMSE, CDR, CDRSOB, GDepS, GDS). Brain magnetic resonance image (MRI) data acquired and deidentified by KUH were also provided for all but two patients (n = 54).
According to the Institute of Medicine (IOM), serum levels of <12 ng/mL (30 nmol/L) of 25-OHD are associated with vitamin D deficiency. Levels of 12-20 ng/mL indicate risk of inadequacy, whereas higher than 20 ng/mL is considered to be sufficient (Ross et al., 2011) . In our study, the mean serum level of 25-OHD was 15.41 ng/mL (Figure 1) . We followed the IOM categorization to select the cutoff value (12 ng/mL) to categories MCI patients into two groups: deficient 25-OHD (n = 27, 18 females, M = 8, range 4.32-10.89 ng/mL) and not-deficient 25-OHD (n = 29, 20 females, M = 21.61, range 15-41.74 ng/mL).
The Institutional Review Board of KUH approved the study and the collection of samples and images (Moon et al., 2015) . 
| Image acquisition
Structural MRIs were acquired to diagnose and identify the possible neuroanatomical cause of dementia. Both structural T1-weighted images and T2 flair images were acquired at the Konkuk University Medical Center on a Magnetom Skyra 3.0 Tesla unit (Siemens Germany). The following parameters were used during image acquisition: echo time (TE) = 9 ms, repetition time 2,000 ms, matrix size = 320 × 256, slice thickness = 5 mm, total number of slices = 240. The interpolated voxel size was 0.9 mm isotropic. Diffusion tensor images were acquired using the following parameters TR = 8,600 ms, TE = 67 ms, matrix 128 × 128; section thickness 3.5 mm. The T2-flair images were acquired using parameters of TR = 9,000, TE = 95, TI = 2,500 ms; section thickness = 5 mm and matrix size = 320 × 188. Images were acquired with 21 directions with a b value of 1,000. MRI data are missing for two patients in the deficient group.
| Hippocampal subfield segmentation
Hippocampal subfield segmentation was undertaken with Freesurfer, version 6.0 (http://surfer.nmr.mgh.harvard.edu). T1-weighted structural images were motion corrected before using "recon-all" script with settings kept as default for whole brain segmentation (Bohland, Saperstein, Pereira, Rapin, & Grady, 2012; Jovicich et al., 2006; Maclaren, Han, Vos, Fischbein, & Bammer, 2014) . Segmentation errors were carefully checked by an investigator (MA) blinded to the identity of each sample and segmented images edited manually if parcellation was poor.
Hippocampal subfields were delineated with the automated Freesurfer 6.0 subfield segmentation script (Iglesias et al., 2015) . This script uses a probabilistic atlas to create the internal boundaries between the hippocampal subfields. The atlas was built on ex vivo MRI data (~0.1 m isotropic). Previous studies have used manual tracing (Adler et al., 2014; Ballmaier et al., 2008) and automated labeling (Haukvik et al., 2015; Ota et al., 2017; Treadway et al., 2015) to determine the subfield volumes.
We used the automated Freesurfer 6.0 script as this is the most widely used automated method for hippocampal subfield segmentation.
The recent development of automated, state-of-the-art techniques has overcome previous challenges to identify the boundary of each hippocampal subfield. This method achieves reliability and accuracy that is comparable to manual tracing (Whelan et al., 2016) , and consistent with histological segmentation (Iglesias et al., 2015) . We quantified the volume of 24 hippocampal subregions (12/hemisphere).
These included hippocampal tail, subiculum, CA1, hippocampal fissure, presubiculum, parasubiculum, molecular layer within the subiculum (ML), granular cell layer within the dentate gyrus (GC-DG), CA3, CA4, fimbria, and the hippocampus-amygdaloid transition area (HATA) (Figure 2 ) (Iglesias et al., 2015) . The labeling of each subfield was inspected manually by an investigator (MA) blind to the identity of each individual. Each segmented label file was visually cross-checked by overlaying the respective 3D structural brain image to exclude any defect appearing in image registration and corresponding anatomical labelling of the hippocampal subfields. We did not exclude any sample due to poor registration or segmentation, although an individual was manually corrected to fit the labels with the corresponding 3D T1 structural image. We have not performed spatial smoothing for T1 image to extract the hippocampal subfield volumes, although spatial smoothing was used to produce Figure 2 , for presentation only. We performed intracranial volume (ICV) analysis to correct any interindividual variances in head or whole brain size.
| T1 image processing for node preparation
The FSL brain extraction tool (BET) (http://fsl.fmrib.ox.ac.uk) was used to remove nonbrain structures from the T1 weighted structural images (Smith, 2002) . The five-tissue-type image comprising cortical grey matter, subcortical grey matter, white matter, cerebrospinal fluid (CSF), and pathological tissues were produced using 5ttgen from MRtrix. The parcellation of cortical ribbon into 148 distinct regions was done using the Destrieux atlas, which contains 74 cortical structures/hemisphere (Fischl et al., 2004) . The parcellated image was converted using MRtrix to produce 164 nodes for the structural connectome analysis.
| Diffusion-weighted imaging (DWI) processing and tractography
Diffusion-weighted imaging DWI datasets were processed using FSL denoising, eddy current, and bias correction as implemented in MRtrix 3 ( Figure 3 ). Subsequently, the brain tissue was extracted, and a multitissue response function was estimated (Dhollander, Raffelt, & Connelly, 2016 ) to calculate the fiber orientation distributions using the constrained spherical deconvolution algorithm (Tournier, Calamante, & Connelly, 2007) . Five-tissue-type segmented T1 image and anatomically constrained tractography (Smith, Tournier, Calamante, & Connelly, 2012) were used to generate 10 million whole-brain tractograms. In this method, tracts were allowed to be truncated if a poor structural termination was encountered, and the tracts were cropped at the grey matter white matter interface. Spherical-deconvolution informed filtering of tractograms (SIFT) (Smith, Tournier, Calamante, & Connelly, 2013) was used to filter the tracts to 5 million. SIFT conversion can potentially improve the biological plausibility of some streamline counts. These tracks were mapped into the 164 nodes to produce a 164 × 164 connectivity matrix. Each matrix element stores the number of valid streamlines (streamline count) connecting a given pair of regions.
| Connectivity analysis
The network based statistic (NBS) (Zalesky, Fornito, & Bullmore, 2010 ) was used to identify subnetworks (i.e., group of connections) for which the streamline count significantly differed between the This affords increased statistical power compared to testing each connection independently. We measured the size of a subnetwork as the number of connections it comprised (extent) and sum of the t statistic across these connections (intensity). A range of primary thresholds (2.5-3.5) were considered and 5,000 permutations were generated to estimate p values. Gender and age were included as a nuisance covariate. For each analysis, we used two different contrasts (deficient 25-OHD > not-deficient 25-OHD; deficient 25-OHD < not-deficient 25-OHD).
| Data analysis
We conducted statistical analyses using Prism (Version 7, GraphPad Software, California) and SPSS (Version 24.0, IBM Analytics, Australia). Serum 25-OHD was treated as an independent variable, with cognitive scores and hippocampal volumes as dependent variables, and patient demographics of age, BMI, years of education, levels of serum creatinine, diabetes, hypertension, and physical activity scores treated as covariates. The family wise error rate (FWER) was corrected using Bonferroni's multiple comparison test for the 12 hippocampal subfields. The p values <.05 were considered significant. Data are presented as mean AE SEM.
| RESULTS
| Low vitamin D serum levels are associated with degree of cognitive impairment
The mean serum 25-OHD level for pooled participants was 15.41 ng/ mL. As we used the IOM defined cutoff of <12 ng/mL for deficient levels, we performed student's t test to ensure the two groups were sufficiently different to compare. We found that serum 25-OHD was significantly lower in the 25-OHD deficient group (n = 27) (M = 8 AE 0.39) compared to the sufficient group (n = 29) (M = 21.61 AE 1.28) (where t
[54] = 9.89, p < .0001) (Figure 4a ).
There were significant differences in overall cognitive impairment between the groups, with lower scores measured by all scales except the Geriatric Depression Scale (Figure 4b and Table 1 ). The groups did not differ significantly with respect to physical activity scores (Table 1) . As education can influence MMSE scores, we confirmed that there were no significant differences in years of education between deficient (M = 8 AE 1.00) and not-deficient (M = 11 AE 1.00) groups (p > .05).
FIGURE 4 Serum vitamin D (25-OHD) levels (N = 56) and hippocampal subfield volumes (N = 54) in deficient and not-deficient serum 25-OHD groups. Significant differences between deficient and not-deficient groups were found for levels of 25-OHD (a) MMSE score (b), and total hippocampal volume (c), with no effect of laterality (d) or brain/head size (e). Hippocampal subfield volume analysis revealed a significant difference in the CA1 region, the molecular layer, the dentate gyrus, and the fimbria (f ). Smaller volumes in the subiculum, CA3 and CA4 did not reach significance. CA, Cornu Ammonis; GC-DG, granular cell layer within the dentate gyrus; HATA, hippocampus-amygdaloid transition area. * p < .05; *** p < .001; # p < .06. Data present as mean AE SEM (standard error of mean). Family-wise error rate (FWER) corrected. MRI data are missing for two patients in the deficient group To gain greater insight into the neurocognitive tasks impacted by vitamin D deficiency, we examined MMSE subscales. The MMSE measures six domains comprising orientation, registration, attention, recall, language, and complex commands (in this case, drawing). Subscale data were missing for two patients in the not-deficient group. We found significant differences in subscales between deficient and not-deficient Table S1 ).
We also found a significant main effect of serum 25-OHD in CA1 
| Vitamin D deficiency is associated with structural connectivity deficits primarily in the right hemisphere
The NBS was used across a range of primary thresholds (t = 2.5-3.5) to identify structural connections that differed between the two groups. Widespread reductions in the number of connections between regions (streamline count) were found in the 25-OHDdeficient group compared to the not-deficient group. As the primary threshold was increased, these reductions converged on a subnetwork centered on the hippocampus ( Figure 5 ). No significant increases in connectivity in the deficient 25-OHD group were found (p > .05).
Using a threshold setting of 3.5 showed lower p values in terms of extent (p = .003) and intensity (p = .002) (Supporting Information, Figure S1 ). This threshold setting revealed the following networks to be disrupted in the brains of MCI patients with vitamin D deficiency ( Figure 5) . We found that 13 brain regions had a connection deficit in the 25-OHD-deficient group. The greatest disruption to connectivity was found in the right hemisphere with connection deficits in 10 regions, Further correlation analysis revealed that the serum 25-OHD was associated with the total hippocampal connectivity (Supporting Information, Table S1 ). In addition, we observed that there was an association between serum 25-OHD and right hippocampal connectivity but not left hippocampal connectivity.
| Hippocampal CA1 volume and structural connectivity is associated with the MMSE scale
We observed a significant association between hippocampal volume and MMSE, CDR, and CDRSOB scores. There was also a significant association between hippocampal connectivity with MMSE, CDR, and CDRSOB scores (Supporting Information, Table S2 ).
We also analyzed the correlation between hippocampal CA1 volume and neuropsychological test scores. A moderate correlation (r = .513) between CA1 volume and global MMSE score was found to be significant (p < .001). In addition, a moderate correlation was observed between CA1 volume and MMSE subscales such as time, place, attention, and recall (Supporting Information, Table S2 ).
A mediation analysis among the variables serum 25-OHD, right hippocampal volume, and right hippocampal structural connectivity was conducted. We showed that the connectome deficit was mediated by both serum vitamin D and right hippocampal volume (Supporting Information, Figure S2 ).
| DISCUSSION
In elderly patients with mild cognitive impairment, we found that serum vitamin D levels were associated with hippocampal volume and structural brain connectivity. Specifically, we observed smaller whole hippocampal volume in those with deficient serum 25-OHD levels, which on further analysis was found to be due to smaller volumes of the CA1, molecular layer, dentate gyrus, and fimbria subfields. We also found disrupted structural brain connectivity in 13 regions in patients with deficient levels of serum vitamin D. Network disruption was most evident in the right hemisphere, with the right hippocampus as the central hub. These patients had significantly more severe neurocognitive outcomes than the patients who were not vitamin D deficient, as reflected in scores on a cognitive battery including MMSE, CDR, CDR-SOB, and GDS. The neuroanatomical correlates of this mild cognitive impairment were independent of age, years of education, or ICV.
| Reduced hippocampal volumes are characteristic of both vitamin D deficiency and MCI
The smaller hippocampal volumes observed in the low vitamin D group are consistent with a recent large community study, which also suggested an association between low vitamin D and reduced hippocampal volume (Karakis et al., 2016) . Similarly, low serum vitamin D has been associated with smaller hippocampal volumes in patients with schizophrenia and in patients with psychosis (Gurholt et al., 2018) . Our finding of a smaller CA1 subfield is in alignment with Shivakumar et al.'s claim that volume loss is due to reduction of hippocampal grey matter (Shivakumar et al., 2015) . The moderate positive correlation between serum 25-OHD and hippocampal volume found in both our study and Shivakumar et al.'s suggests that the effect of low vitamin D on hippocampal volume loss may be dose dependent.
To further understand the structural changes of the hippocampus in low vitamin D conditions, we looked at the hippocampal subfields (Maruszak & Thuret, 2014) . We observed CA1 hippocampal subfield measurements were differentially associated with vitamin D levels, as were volumes of the molecular layer, dentate gyrus, and fimbria regions. We also observed a trend of volume reduction in the subiculum, CA3, and CA4; however, multiple comparison tests found these differences fell short of significance. Our findings of smaller CA1 is not without precedent in neuroimaging studies with MCI patients.
Reduced volume of the subiculum, right CA1, CA3, and dentate gyrus have been reported in MCI patients (Yassa et al., 2010) , although vitamin D levels were not assessed. In addition, a reduction of dentate gyrus volume has been found to be associated with memory deficits in major depressive disorder (Travis et al., 2015) .
| Hippocampal volume loss is associated with disrupted networks which impact on cognitive processing
Besides hippocampal subfield volume loss, we also found a hippocampal-centered connectivity deficit in the 25-OHD-deficient group. It is plausible that global hippocampal volume reduction impairs connectivity with both cortical and subcortical regions and that the reduction of subfield volume interrupts internal hippocampal connectivity. We observed that nine out of 12 disrupted edges (connections)
were linked to the right hippocampus. Our hippocampal subfield volume analysis showed that the 25-OHD-deficient group had reduced whole hippocampal volume without effects of laterality. While hippocampal volume asymmetry has been observed in many studies of MCI patients (Shi et al., 2009) , right hippocampal atrophy is associated with patients who progress from MCI to AD (Apostolova et al., 2006; Zhang et al., 2007) .
Hippocampal volume loss could be linked with N-acetyl aspartate (NAA) levels. We have not found any studies in which both hippocampal NAA (N-acetyl aspartate) and hippocampal volume were measured in the same study on vitamin-D-deficient participants. However, there is evidence to show an association of lower NAA/Cr ratio with low serum 25-OHD concentration (Annweiler, Beauchet, Bartha, Hachinski, & Montero-Odasso, 2014) . In addition, a reduced NAA level has been shown linked with the reduced hippocampal volume in many brain diseases (Abdallah et al., 2013; Schuff et al., 1997) . Based on the existing evidence, we hypothesised that the reduction of NAA in the hippocampus could contribute to hippocampal volume loss.
Hippocampal subfields have a distinct role in memory processing (Bahar, Shirvalkar, & Shapiro, 2011; Coras et al., 2014; Lewis, 2016) .
Therefore, the reduction of the hippocampal subfield volumes would likely affect cognitive function. For example, the CA1 region is essential for retrieval of contextual memory (Ji & Maren, 2008) , autobiographical memory (Bartsch, Dohring, Rohr, Jansen, & Deuschl, 2011) , consolidation of long-term memory (Remondes & Schuman, 2004; Stackman, Cohen, Lora, & Rios, 2016) . This is consistent with the find- (Cherubini & Miles, 2015) , and has a vital role for rapid encoding of memory (Rebola, Carta, & Mulle, 2017) , retrieving sequences of spatial memory (Hunsaker, Lee, & Kesner, 2008) , and predicting memory sequence (Jensen & Lisman, 1996) . CA3
is also involved in linking memory encoding and rebuilding memory representations while retrieval using pattern separation and pattern completion (Deuker et al., 2013) . The CA4 region, also known as the hilus, receives inputs from the granule cells of the dentate gyrus (Amaral, 1978) and major excitatory input from the cortex. The reduction in volume of the CA4 region may induce a synaptic disruption between the cortex and hippocampus. The dentate gyrus plays a vital role in neurogenesis (Aimone, Deng, & Gage, 2014) , and is linked with memory formation (Anacker & Hen, 2017 Lee & Kesner, 2004b) . Taken together, the reduction of CA1 would disrupt the internal hippocampal network and connections with many cortical and subcortical regions.
We performed a whole-brain connectome analysis using NBS and DTI to identify altered connections and networks and volumetric analysis of the hippocampal subfields to determine changes associated with vitamin D deficiency. Importantly, DTI parameters are helpful to understand the pathological basis of MCI, with reports of a lower DTI index such as a lower median diffusivity in the hippocampus (Fellgiebel et al., 2004 ) and a lower fractional anisotropy of whitematter tracts (Medina et al., 2006) in MCI patients. Moreover, a DTI study revealed a disruption of hippocampal structural connectivity within the higher cortical regions in MCI patients (Zhou et al., 2008) .
In this study, we observed a hippocampal-thalamic-prefrontal connection disruption in patients with 25-OHD deficiency. The thalamus is the primary relay hub of the brain due to widespread connectivity with cortical and subcortical regions and is associated with cognitive function. The alteration of thalamic connectivity may affect a range of cognitive processing, such as processes of attention, speed of information processing, and working memory (Fama & Sullivan, 2015) .
| Serum vitamin D as a potential biomarker
MMSE is a widely used parameter to assess cognitive dysfunction (Dinomais et al., 2016; Spering et al., 2012) . In this study, there were significant differences in all cognitive scales (MMSE, CDR, CDR-SOB, and GDS) except the GDepS between the vitamin D-deficient and not-deficient groups. Our result is consistent with a large volume of published studies that have found an association between MMSE score and serum vitamin D (Balion et al., 2012; Matchar et al., 2016; Vedak et al., 2015) . A recent study purports the combination of MMSE score with serum 25-OHD could have a predictive value of 98% in diagnosing MCI and AD (Ouma et al., 2018) . Similarly, in elderly MCI patients, hippocampal atrophy is predictive of progression to AD (Jack Jr. et al., 1999) . Further mediation analysis revealed a right hippocampal connectome deficit, which was mediated by both serum vitamin D levels and right hippocampal volumes. Together our results suggest that low levels of vitamin D are associated with the loss of hippocampal volume, which in turn impact on the connectivity that underpins hippocampal-dependent tasks.
To ensure our results were valid, we ruled out as many potential confounds as the data allowed. We compared the intracranial volumes and observed that head/brain size did not differ between these groups. We compared demographic factors (age, gender, and education) and disease conditions (cardiovascular, diabetes, and kidney disease) that could have had an impact on our results and found these did not differ between the deficient and not-deficient groups. Therefore, our data strongly suggest that the reduction of hippocampal subfield volumes is associated with a deficiency in serum vitamin D.
| Potential mechanisms for vitamin D-dependent hippocampal deficits
Low levels of vitamin D could contribute to hippocampal deficits through a number of mechanisms including increased proinflammatory cytokines, increased oxidative stress, reduced level of neurotrophic factors, lower synaptic protein, and increased excitotoxicity, all of which may result in reductions in hippocampal sub field volumes. Animal studies suggest that vitamin D deficiency alters immune function (Balden, Selvamani, & Sohrabji, 2012; Brett, Agellon, Vanstone, & Weiler, 2014) , which may result in an increase in the production of proinflammatory cytokines (IL-6), which damage the hippocampus (Samuelsson, Jennische, Hansson, & Holmang, 2006) .
Vitamin D deficiency reduces antioxidant properties (Garcion, Sindji, Leblondel, Brachet, & Darcy, 1999; Mutlu et al., 2016) by altered regulation of nuclear factor kappa-B (NF-kB)-mediated elevation of iNOS enzyme (Keeney et al., 2013) . Furthermore, vitamin D contributes to many neurotrophic factors (Feron et al., 2005; Naveilhan, Neveu, Wion, & Brachet, 1996) , such as GDNF mRNA expression (Naveilhan et al., 1996) , and increases nerve growth factor (NGF) concentration (Musiol & Feldman, 1997) .
Vitamin D has been shown to enhance hippocampal synaptic function in rats (Latimer et al., 2014) . Therefore, the disruptions of hippocampal structural connectivity and the reduction of hippocampal volume could be due to the loss of hippocampal synapses and a reduced level of synaptic protein. The lower level of synaptic protein might be a cause of hippocampal volume reduction which then leads to lower neuronal connectivity.
| Limitations of the study
There were a number of limitations with this study, including the cross-sectional design, small sample size, and lack of detailed data on 
| CONCLUSION
This study provides the first evidence that vitamin D deficiency leads to network disruption centered in the right hippocampus in elderly patients with MCI. Our results suggest that the deficits in hippocampal subfield volume and structural connectivity underlie accelerated neurocognitive decline particularly for hippocampal-dependent tasks.
Our findings have therapeutic and diagnostic implications for future studies in patients with MCI to determine if vitamin D can be used as a biomarker of neurodegeneration, circumventing the need for MRI in elderly patients. Furthermore, it remains to be seen if neurocognitive decline can be slowed or blocked using vitamin D supplementation, which is a safe, cheap, and publically acceptable treatment option.
These findings bring us closer to an understanding of the acceleration of neurodegeneration in MCI and how vitamin D may play a role in predicting, prolonging, or one day even preventing the progression from MCI to AD.
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